1. Introduction {#sec1-pharmaceutics-12-00652}
===============

Colon or bowel cancer, also known as colorectal cancer (CRC), is the third deadliest type of cancer around the world. About two-thirds of recorded cases appeared in developed countries \[[@B1-pharmaceutics-12-00652],[@B2-pharmaceutics-12-00652],[@B3-pharmaceutics-12-00652]\]. The main risk factors for this type of cancer are old age, inflammatory intestinal conditions, low-fiber diet, high-fat diet, and sedentary lifestyle. Genetic disorders can also cause CRC; however, less than 5% of CRC are due to inherited genetic disorders \[[@B4-pharmaceutics-12-00652],[@B5-pharmaceutics-12-00652],[@B6-pharmaceutics-12-00652],[@B7-pharmaceutics-12-00652]\]. Common treatment options include surgery, chemotherapy, radiation, and targeted therapy. Most cases may require more than one method of treatment \[[@B8-pharmaceutics-12-00652],[@B9-pharmaceutics-12-00652]\]. However, most of these treatments generate undesired side effects, toxicity, and patient discomfort. Further, these adverse effects may be reduced or eliminated via targeted drug delivery. This provides many benefits compared with conventional drug delivery medicines such as increased drug efficiency and stability as well as reduced adverse effects and toxicity. Because of their safety and effectiveness, natural products are gaining more attention toward their utilization in cancer chemotherapy \[[@B7-pharmaceutics-12-00652]\]. In this regard, polyphenols are promising and have the ability to modulate cell signaling cascades to induce cancer cell death. Ellagic acid (EA) is a polyphenol that is present naturally in fruits and nuts. Several in vivo and in vitro studies highlighted the anticancer properties of EA against different cancer types, including colon, bladder, breast, and lung cancers \[[@B10-pharmaceutics-12-00652],[@B11-pharmaceutics-12-00652],[@B12-pharmaceutics-12-00652],[@B13-pharmaceutics-12-00652],[@B14-pharmaceutics-12-00652]\]. Also, its antioxidative and anti-inflammatory properties are well-documented \[[@B15-pharmaceutics-12-00652]\]. The antioncogenic effects of EA against colon cancer cells in leptin-enriched microenvironments have been demonstrated \[[@B16-pharmaceutics-12-00652]\]. EA has also been reported to control genomic stability and prevent cancerous mutations \[[@B10-pharmaceutics-12-00652],[@B17-pharmaceutics-12-00652],[@B18-pharmaceutics-12-00652]\]. Nevertheless, EA's low-water solubility (0.8 mg/mL) and inferior bioavailability (0.2% oral bioavailability) have greatly limited its therapeutic value \[[@B19-pharmaceutics-12-00652]\]. Poor absorption, hepatic first-pass effect, and rapid elimination are attributed to low EA oral bioavailability \[[@B11-pharmaceutics-12-00652],[@B20-pharmaceutics-12-00652],[@B21-pharmaceutics-12-00652],[@B22-pharmaceutics-12-00652],[@B23-pharmaceutics-12-00652]\]. However, the use of targeted drug delivery techniques can help to overcome these obstacles. This can be achieved by the use of the biocompatible polymers chitosan (CHIT) as a carrier for an effective and efficient delivery of EA \[[@B24-pharmaceutics-12-00652],[@B25-pharmaceutics-12-00652]\]. CHIT is a polycationic polysaccharide derived from deacetylation of chitin \[[@B26-pharmaceutics-12-00652],[@B27-pharmaceutics-12-00652]\]. The use of CHIT as a natural carrier of controlled release drugs was previously reported \[[@B28-pharmaceutics-12-00652],[@B29-pharmaceutics-12-00652]\]. This is due to its improved cost effectiveness, biocompatibility, bioavailability, biodegradability, and reduced toxicity. CHIT glycosidic bonds are hydrolyzed at the colon and fully digested by enzymes in colonic bacteria \[[@B25-pharmaceutics-12-00652],[@B30-pharmaceutics-12-00652]\]. The use of CHIT as a drug carrier grants increased residence time in the gastrointestinal (GI) tract through mucoadhesion as well as improved cellular permeability \[[@B31-pharmaceutics-12-00652]\].

Glutaraldehyde has been used as a cross-linking agent for protein reactions \[[@B32-pharmaceutics-12-00652],[@B33-pharmaceutics-12-00652]\]. The mechanism of glutaraldehyde cross-linking with proteins is pH-dependent. In addition, in the case of CHIT, the degree of amino groups protonation also determines the solubility of this polysaccharide in water \[[@B34-pharmaceutics-12-00652]\]. At pH 5.6, the anions of glutaraldehyde were formed. It is assumed that the cross-linking by glutaraldehyde involves two carbonyl groups of glutaraldehyde \[[@B35-pharmaceutics-12-00652]\].

Since CHIT is degradable in an acidic environment, an enteric coating is usually used to guard against gastric acidity and ensure colon targeting \[[@B25-pharmaceutics-12-00652],[@B30-pharmaceutics-12-00652],[@B36-pharmaceutics-12-00652],[@B37-pharmaceutics-12-00652]\]. Functional polymers play an important role when it comes to controlled drug release formulations. Poly(meth)acrylates, which are known as EUDRAGIT^®^ polymers, are commonly employed and offer several advantages in various formulations \[[@B38-pharmaceutics-12-00652],[@B39-pharmaceutics-12-00652],[@B40-pharmaceutics-12-00652]\]. Eudragit enteric coating polymers contain free carboxylic acid groups \[[@B41-pharmaceutics-12-00652]\]. Eudragit S100 (ES100) is insoluble in the stomach because of being unionized in acidic conditions. At high pH media, the acid groups become ionized and the film coating dissolves, releasing the drug at that point. In this way, manipulating the free carboxylic groups will increase the ability of the drug to be released at the exact pH in the correct target environment. ES100 is an ionic polymer that contains carboxylic acid groups (pKa 6) in its backbone. The dissolution threshold of ES 100 is pH 7 (colonic pH), where the majority of the carboxylic groups are ionized \[[@B41-pharmaceutics-12-00652]\]. In this study, an enteric coating of CHIT-loaded EA with ES100 in the form of microparticles (MPs) was investigated, aimed at enhanced colon targeting efficiency and improved EA cytotoxicity against HCT 116 cells.

2. Materials and Methods {#sec2-pharmaceutics-12-00652}
========================

2.1. Materials {#sec2dot1-pharmaceutics-12-00652}
--------------

Ellagic acid (EA), CHIT from shrimp shells (≥75% deacetylated), McCoy's 5a medium, trypsin-0.02% EDTA, PBS, Dulbecco's modified Eagle medium (DMEM), and the fetal bovine serum (FBS) were from Sigma Aldrich (St. Louis, MO, USA). Eudragit^®^ S100 (ES100) was a kind gift from Evonik Industries AG (Essen, Germany). Corning Transwell^®^ polycarbonate membrane 12-well and 96-well plates were obtained from Corning Co., Ltd., (New York, USA). Cell-counting kit 8 (CCK-8) was obtained from Boster Biological Technology Co., Ltd., (Pleasanton, CA, USA). Chemicals used were of analytical or HPLC grade.

2.2. Preparation of CHIT-Coated MPs {#sec2dot2-pharmaceutics-12-00652}
-----------------------------------

CHIT MPs were prepared according to the two step-operation procedure developed by Thakral et al. \[[@B30-pharmaceutics-12-00652]\]. Briefly, CHIT was dissolved in a 0.5% acetic acid aqueous solution to form a CHIT solution at room temperature with stirring, and the solution was adjusted to pH 5.5 using 0.01 mol/L NaOH. EA was dispersed in the CHIT solution (1.5% *w/v*) in a drug-to-polymer ratio of 1:5 EA:CHIT ratio. The dispersion was passed through a 24-gauge needle into liquid paraffin, which contains 2% span 80 stirred at 2000 rpm by a mechanical stirrer. After that, glutaraldehyde (10 mL, 25% *v/v*) was added to the dispersion. Then, 1 and 2 h after glutaraldehyde addition, a further 5 mL of glutaraldehyde solution was added at each time point (1 and 2 h). After that, the dispersion was stirred for an additional 1 h. Liquid paraffin was then decanted, and EA-CHIT MPs were retrieved, washed using petroleum ether, and air dried for 4 h. After that, the prepared MPs were then lyophilized (Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany) at −45 °C and pressure of 0.07 mbar for 24 h.

For encapsulation (coating) of core EA-CHIT MPs with ES100, the prepared EA-CHIT MPs were dispersed in ES100 solution (10% *w/v*) in acetone-ethanol (2:1). The dispersion was then dropped into mechanically stirred liquid paraffin containing 2% span 80. Stirring continued for 4 h to evaporate the acetone-ethanol organic solvent. Petroleum ether was used to wash the filtered EA-CHIT-coated ES100 MPs, which were air-dried for 4 h and then vacuum oven-dried for 24 h at room temperature.

2.3. Characterization of EA-CHIT-ES100 MPs {#sec2dot3-pharmaceutics-12-00652}
------------------------------------------

### 2.3.1. Scanning Electron Microscopy {#sec2dot3dot1-pharmaceutics-12-00652}

Double-face tape was used for holding the metal stubs in place in which the samples were placed for analysis. Soldering of the tape to the aluminum stubs was carried out beforehand, and a vacuum was used to apply a gold coating. To facilitate proper visualization of the surface morphology of the MPs formula, a scanning electron microscope (JSM-7610F; JEOL, Tokyo, Japan) was employed.

### 2.3.2. Encapsulation Efficiency and Loading Capacity {#sec2dot3dot2-pharmaceutics-12-00652}

A high-performance liquid chromatography (HPLC) protocol was utilized. A sample of the prepared formula was dispersed in ethanol and sonicated using a Vibra-Cell ultrasonic processor (VCX 750, Sonics & Materials, Inc., Newtown, CT, USA) to dissolve entrapped EA and was then filtered through a 0.22 µm filter. Equations (1) and (2) were applied to calculate the encapsulation efficiency (EE %) and loading capacity (LC %) of EA. $$EE~\% = \left( \frac{Amount~of~drug~in~the~formula}{Amount~of~drug~initially~added} \right) \times 100$$ $$LC~\% = \left( \frac{Drug~mass~in~MPs}{Mass~of~MPs} \right) \times 100$$

### 2.3.3. EA In Vitro Release from EA-CHIT-ES100 MPs {#sec2dot3dot3-pharmaceutics-12-00652}

Coated microspheres were accurately weighed to correspond to 2 mg of EA and were placed in a 0.1 M KCl/HCl buffer (250 mL, pH 1.2) and magnetically stirred at 50 rpm at 37 °C for 2 h (0.5, 1, 1.5 and 2 h time intervals). After 2 h in the buffer (pH 1.2), the solution was substituted with 250 mL of 0.1 M potassium dihydrogen orthophosphate buffer pH 4.5 for 2 h (2.5, 3, 3.5, and 4 h time intervals) and then substituted with 250 mL of 0.1 M phosphate buffer pH 7.4 (4.5, 5, 5.5, 6, and 24 h time intervals). Centrifugation, filtration (0.45 µm membrane filter), and analysis of EA content was carried out for the withdrawn samples. Triplicates of the tests were carried out. HPLC was utilized for EA concentration analysis of the aliquots, as previously described.

2.4. Cell Culture {#sec2dot4-pharmaceutics-12-00652}
-----------------

HCT 116 and EA.hy926 cells were purchased from Vacsera (Giza, Egypt). Cells were kept in McCoy's 5a medium. EA.hy926 cells were maintained in Dulbecco's modified Eagle's medium. Heat-inactivated fetal bovine serum (10%), penicillin (100 units/mL), and streptomycin (100 µg/mL) were present in the culture medium. Cells were kept in a subconfluent state, in 5% CO2 (*v/v*) humidified atmosphere, at 37 °C.

2.5. Cytotoxicity Assessment {#sec2dot5-pharmaceutics-12-00652}
----------------------------

For cytotoxicity assessment of the prepared EA MPs, EA, and PLAIN MPs (plain formula) against the HCT 116 cells and sulforhodamine B (SRB) was employed; further, 96-well plates (1000--2000 cells/well) were used for cell seeding \[[@B42-pharmaceutics-12-00652]\]. Cells were treated for 72 h with serial concentrations of the prepared formulae. Trichloroacetic acid (TCA) (10%) was then added for 1 h at 4 °C for cell fixation. Distilled water was used to wash the cells several times. This was followed by staining with a 0.4% SRB solution. Plates were maintained for 10 min at ambient temperature in the dark. Consequently, cells were washed using 1% glacial acetic acid. Tris-HCl was used to dissolve the SRB-stained cells after overnight drying of the plates. A monochromator SpectraMax^®^ M3 plate reader (Molecular Devices, Sunnyvale, CA, USA) was employed for color intensity (OD) determination at 540 nm. OD values were used to calculate IC~50~ values.

The impact of the combining EA in the CHIT-ES100 double-coat on the cytotoxicity of EA was assessed using the isobologram equation \[[@B43-pharmaceutics-12-00652]\] for interaction index (I) determination as follows:$$I = \frac{d1}{Dy,1} + \frac{d2}{Dy,2}$$ where *d*1, *d*2 are concentrations of drug 1 and drug 2 in mixture, giving an effect *y*, while *Dy*,1 and *Dy*,2 are the concentrations of drug 1 and drug 2 giving the same effect *y* if taken alone. If ''*I*'' was less than 1, it was considered a synergistic combination; however, *I* = 1 or *I* \> 1, which suggests an additive or antagonistic effect, respectively.

2.6. Analysis of Cell Cycle Progression {#sec2dot6-pharmaceutics-12-00652}
---------------------------------------

Six-well culture plates were used to seed about 3 × 10^5^ cells/well. Over 24 h, the cells were placed in treatment-free media (control incubations), 1.6 µM EA MPS and equivalent concentrations of plain MPs and pure EA. CycleTEST™ PLUS DNA Reagent Kit (Becton Dickinson Immunocytometry Systems, San Jose, CA, USA) was employed for analysis of the cell cycle. The DI (DNA Index) of the tested preparations was determined in reference to cells with a predetermined content of DNA. Staining was carried out using propidium iodide. Finally, CELLQUEST software (Becton Dickinson Immunocytometry Systems, San Jose, CA, USA) was used to study distribution of the cell cycle.

2.7. Annexin-V Assay {#sec2dot7-pharmaceutics-12-00652}
--------------------

The dual-staining technique was performed to assess apoptosis as previously published \[[@B44-pharmaceutics-12-00652]\]. HCT 116 cells were incubated with PLAIN MPs, pure EA, and EA-MPs with reference to 1.6 µM EA. in a six-well plate with a cell density of 1 × 10^5^ cells per well. A control sample with untreated cells was also included in the study. Staining was carried out using a commercially available kit (BD Bioscience, CA, USA), catalog number 556547). The kit contained a 10X annexin V binding buffer, FITC annexin V, and propidium iodide staining solution. After incubation for 24 h, the cells were obtained after centrifugation. The cells were then re-suspended in 500 μL of 1X binding buffer. The cells were kept in the dark for 5 min at room temperature in 5 μL each of annexin V-FITC V and propidium iodide staining solution. The cell analyzer BD FACS CaliburTM (BD Bioscience, Franklin Lakes, NJ, USA) was used to carry out the analyses. Multicycle software (Phoenix Flow Systems, San Diego, CA, USA) was used for data analysis.

2.8. Assay of Caspase-3 Enzyme {#sec2dot8-pharmaceutics-12-00652}
------------------------------

Cells were incubated under the same conditions as in the cell-cycle analysis for 24 h. A commercial kit (USCN Life Science Inc., China) was used to quantify caspase 3 after lysis of the cells and extraction.

2.9. Realtime X-Ray Radiography of the Contrast Medium Iohexol Formulated in CHIT-Coated ES100 in Rabbits {#sec2dot9-pharmaceutics-12-00652}
---------------------------------------------------------------------------------------------------------

Handling of rabbits was approved by the Ethical Committee of Faculty of Pharmacy, Cairo University, Egypt. Rabbits were maintained under the following conditions: 12 h alternate light and dark cycle, relative humidity 45%, and room temperature. Optimum X-ray radiographic conditions were established. Animals were kept on standard food pellets and free access to water. Overnight fasted male New Zealand rabbits, weighing 2--2.2 kg were used. Animals were separated into two groups (*n* = 6). The first group served as a control in which each rabbit was given a single oral plain capsule containing 100 mg of 48.5% *w/w* iohexol. Animals in the second group were administered capsules containing 48.5% *w/w* iohexol in CHIT for the prepared CHIT-ES 100 MPs (100 mg). Capsules were inserted behind the tongue to prevent them from being destroyed. A dose of iohexol was chosen based on a preliminary experiment. Animals were physically kept in rabbit restrainers. Targeting efficiency of the CHIT-coated ES100 MPs was determined by assessing the contrast generated by iohexol. Radiography was performed at 0.5 and 6 h using a villa X-ray medical system (Buccinasco MI, Italy).

2.10. Statistical Analysis {#sec2dot10-pharmaceutics-12-00652}
--------------------------

IBM SPSS statistics software, version 25 (SPSS Inc., Chicago, IL, USA), was used for statistical analysis. Means were compared by Analysis of Variance (ANOVA) followed by Tukey as a post hoc test. Data are given as Mean ± SD. *p* \< 0.05 was deemed significant.

3. Results {#sec3-pharmaceutics-12-00652}
==========

3.1. Characterization of the EA-CHIT-ES100 MPs {#sec3dot1-pharmaceutics-12-00652}
----------------------------------------------

In the present study, EA was formulated in CHIT MPs. The prepared MPs were then coated with ES100 to form colon-targeted MPs. [Figure 1](#pharmaceutics-12-00652-f001){ref-type="fig"} shows an SEM image of MPs for both EA-CHIT ([Figure 1](#pharmaceutics-12-00652-f001){ref-type="fig"}A) and EA-CHIT coated with ES 100. The ES 100-coated MPs showed average particle size (200 ± 40 µm), with a smooth surface that demonstrated the entrapment of EA-CHIT-MPs in the ES100 MPs matrix ([Figure 1](#pharmaceutics-12-00652-f001){ref-type="fig"}B--D).

The EA-MPs exhibited encapsulation efficiency (EE%) and loading capacity (LC%) amounting to 84.16 ± 3.91% and 10.52 ± 0.88%, respectively. The MPs characterization was further carried out by examining EA release. The percentage of EA released from the prepared MPs at different pH values (1.2, 4.5, and 7.2) compared with the raw EA is shown in [Figure 2](#pharmaceutics-12-00652-f002){ref-type="fig"}. At pH 1.2 and 4.5, no more than 8% of EA content released. At pH 7.2, the amount of EA released within the first 2 h reached about 55%. After 24 h at pH 7.2, EA-MPs demonstrated release of most EA content.

3.2. In Vitro Cytotoxicity {#sec3dot2-pharmaceutics-12-00652}
--------------------------

The IC~50~ values from the EA-CHIT-MPs against the HCT 116 cells show increased cytotoxicity, as shown in [Figure 3](#pharmaceutics-12-00652-f003){ref-type="fig"}A. PLAIN EA MPs showed IC50 value of 49.5 ± 4.2 µM, raw EA 11.70 ± 1.27 µM, and EA MPs 3.2 ± 0.31 µM. The interaction index was found to 0.85, indicating a synergistic interaction between EA and the formulated CHIT-ES100 double coat. Further, cytotoxicity of the same preparations was examined in the noncancerous cells EA.hu926 ([Figure 3](#pharmaceutics-12-00652-f003){ref-type="fig"}B). Plain MPs, raw EA, and EA MPs exhibited IC50 values of 86.9 ± 11.3, 50.52 ± 4.2 and 41.7 ± 3.7 µM, respectively. All values were referenced to positive control incubations containing staurosporine (STU).

3.3. Analysis of Progression of the Cell Cycle {#sec3dot3-pharmaceutics-12-00652}
----------------------------------------------

HCT 116 cells, which were not treated (control), had quick growth properties, with 49.62 ± 3.82% in the G0/G1 phase, 36.15 ± 2.1% in the S phase, 14.14 ± 1.2% in the G2-M phase, and 2.07 ± 0.05% in the pre-G1 phase ([Figure 4](#pharmaceutics-12-00652-f004){ref-type="fig"}A). Proliferation of the HCT 116 cells was slower after incubation with EA, plain MPs, and EA-MPs, as indicated by accumulation of cells in the G2-M and pre-G1 phases ([Figure 4](#pharmaceutics-12-00652-f004){ref-type="fig"}B--D). Fractions of cellular population in the pre-G phase for incubations containing EA, Plain MPs, or EA-MPs were 16.26 ± 0.9%, 16.51 ± 0.7%, and 24.36 ± 1.02% of the control incubations, respectively. Graphical presentations of alterations in the cell-cycle phases after different treatments are shown in [Figure 4](#pharmaceutics-12-00652-f004){ref-type="fig"}E,F.

3.4. Apoptosis Assay of Annexin V--FITC and Cellular Content of Caspase 3 {#sec3dot4-pharmaceutics-12-00652}
-------------------------------------------------------------------------

To further substantiate the observed apoptotic effects, the percentage of cells with positive annexin-V staining was determined in the control, plain MPS, EA, and EA-MPs incubations ([Figure 5](#pharmaceutics-12-00652-f005){ref-type="fig"}A--D). There was a marked increase in early, late, and total cell death after incubation with EA MPs relative to the others. A graphical representation of the types of cell death is shown in [Figure 5](#pharmaceutics-12-00652-f005){ref-type="fig"}E.

Caspase 3 content was used for confirmation of the apoptotic effects caused by EA, EA MPs. Cells exposed to EA--MPs had a greater caspase 3 concentration (399.5 ± 17.7 pg/mg protein) when compared with the control (45.39 ± 4.12 pg/mL), raw EA (248.5 ± 18.27 pg/mg protein), and plain MPs (212.6 ± 13.7 pg/mg protein) incubations ([Figure 6](#pharmaceutics-12-00652-f006){ref-type="fig"}).

3.5. Realtime X-ray Radiography of Iohexol {#sec3dot5-pharmaceutics-12-00652}
------------------------------------------

Radio assessment of iohexol entrapped in CHIT ES100 indicated ability of the double-coated MPs to retain the dye in colonic tissues at 6 h after oral administration ([Figure 7](#pharmaceutics-12-00652-f007){ref-type="fig"}A). On the other hand, radiographic opacities were detected only at ½ h when administering iohexol pure (control, no MPs) in size-2 hard gelatin capsules and was completely undetected in the whole Gastrointestinal tract (GIT) at 6 h ([Figure 7](#pharmaceutics-12-00652-f007){ref-type="fig"}B).

4. Discussion {#sec4-pharmaceutics-12-00652}
=============

Glutaraldehyde cross-linking has been developed for stable EA MPs with spherical shape and size of approximately 200 ± 40 μm. The amino (CHIT)/glutaraldehyde molar ratio was (1:1). Previous reports indicated that both carbonyl groups of glutaraldehyde are involved in CHIT (amino group) cross-linking \[[@B45-pharmaceutics-12-00652]\]. The drug ionic interaction and hydrogen bonding among CHIT, glutaraldehyde, and EA can be explained by the high EE percentage of EA. An explanation of the in vitro EA release pattern may be given as such: only less than 8% of EA was released from 0 to 4 h, which is rationalized by ES100 (MPs coat) not dissolving in acidic pH (pKa 6). While EA release began to improve after 6 h (pH7.4), as ES100 dissolves at alkaline pH as a result of carboxylic groups ionization, which allows EA-CHIT particles to dissolve and release EA content \[[@B41-pharmaceutics-12-00652]\]. The degradation of EA-CHIT MPs (uncoated MPs) could possibly be due to a hydrolytic reaction, whereby glucosamine--glucosamine, glucosamine--*N*-acetyl glucosamine, and *N*-acetyl glucosamine--*N*-acetyl glucosamine links are broken, causing increased release. CHIT degradation is dependent on variations in the distribution of acetamide groups in the chitosan molecule \[[@B46-pharmaceutics-12-00652]\]. However, previous reports indicated that CHIT nano/microparticles crosslinked with glutaraldehyde are not degradable in a lysozyme solution \[[@B47-pharmaceutics-12-00652]\]. Further, in a review about degradability of chitosan micro/nanoparticles, the authors stated: "To date, no complete in vitro degradation studies of chitosan micro/nanoparticles have been reported, and no degradation data are available in the biological system" \[[@B45-pharmaceutics-12-00652]\].

EA formulated in CHIT and eurdragit S100 exhibited significantly enhanced cytotoxicity, as indicated by IC50 values, against colon cancer cells. This can be understood on the basis of the ability of CHIT to pass cellular membranes and enhance delivery of enclosed molecules \[[@B29-pharmaceutics-12-00652],[@B48-pharmaceutics-12-00652],[@B49-pharmaceutics-12-00652]\]. However, the enhanced cytotoxicity of EA formulations in HCT 116 cells compared with EA.hy926 cells is not completely understood. The observed cytotoxicity of EA is consistent with previous reports indicating that its activity against HCT 116 cells is associated with Bax translocation to the mitochondria and reduction of PCNA expression \[[@B16-pharmaceutics-12-00652]\]. In addition, CHIT's in vivo and in vitro activity against cancer cells has been investigated \[[@B16-pharmaceutics-12-00652],[@B50-pharmaceutics-12-00652]\]. CHIT was shown to inhibit proliferation of human colorectal cells via inhibiting ornithine decarboxylases and, consequently, synthesis of polyamines required for DNA stabilization and cell replication. The effects of ornithine decarboxylases are inhibited by COS in human colorectal cells. These enzymes generate polyamines that stabilize newly formed DNA required for cancer cell proliferation \[[@B51-pharmaceutics-12-00652],[@B52-pharmaceutics-12-00652]\].

This observed antiproliferative activity of the formulated EA double-coated with CHIT and ES100 was confirmed by assessing cell-cycle phases. The formula resulted in cells accumulating in the G2-M phase and increased pre-G1 fraction. These observations gain support by a previous study that indicated the ability of EA to accumulate HCT 15 colon adenocarcinoma cells in the G2-M phase and increase dead cells in the pre-G1 phase \[[@B10-pharmaceutics-12-00652]\]. Also, another study revealed that CHIT coating enhanced curcumin-induced accumulation of HCT 116 cells in the G2-M phase \[[@B25-pharmaceutics-12-00652]\]. The enhancement of dead cells in pre-G1 fractions strongly suggests that the prepared EA double-coating formula exhibits pro-apoptotic activity. This is consistent with the reported ability of EA to modify Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways in HCT 116 cells and cause apoptosis and inhibition of proliferation \[[@B10-pharmaceutics-12-00652]\].

Annexin V staining further substantiated the enhanced pro-apoptotic activity of EA-CHIT-ES100 MPs formula. The prepared EA formula was superior to pure EA in enhancing early and late apoptosis and total cell death. These results are supported by the ability of CHIT-ES100 coating to augment simvastatin apoptotic activity as indicated by annexin V staining of HCT 116 cells \[[@B36-pharmaceutics-12-00652]\]. Additional support is offered by a study reporting the apoptotic efficiency of modified CHIT in human colon carcinoma HCT 116 cells \[[@B10-pharmaceutics-12-00652]\]. In line with these data, caspase 3 content was significantly enhanced by challenging HCT 116 cells with the prepared EA CHIT-loaded ES100. Basically, EA has shown potent antiproliferative activities in different cancer cells lines, including colon cancer cells via enhancing caspases 9, 3, and 7 mRNA expression. Further, CHIT has been known to induce apoptosis via activation of caspase 3 in bladder \[[@B15-pharmaceutics-12-00652]\], cervical \[[@B50-pharmaceutics-12-00652]\], and colorectal \[[@B36-pharmaceutics-12-00652]\] tumor cells. Also, the plain CHIT-ES100 coat significantly enhanced caspase 3 activity in colon cancer Caco-2 cells \[[@B15-pharmaceutics-12-00652],[@B53-pharmaceutics-12-00652]\]. Thus, the observed augmented effects can be explained based on the collective actions of the individual ingredients used in the optimized formula.

Finally, colon targeting efficiency of the prepared CHIT-ES100 coat was evaluated via real-time X-ray radiography using an iohexol contrast medium in rabbits. Compared with iohexol (raw) filled hard gelatin capsules, the prepared formula delivered its content into the colon at 6--9 h, which is typically the time required for GIT contents to reach the colon \[[@B53-pharmaceutics-12-00652]\]. The use of ES100 to target colonic tissues is well-acknowledged \[[@B25-pharmaceutics-12-00652],[@B30-pharmaceutics-12-00652],[@B41-pharmaceutics-12-00652]\]. For instance, it has been used for colonic delivery of prednisolone \[[@B37-pharmaceutics-12-00652]\]. In addition, our observations that EA release peaked at a pH of 7.4 in 6--9 h lend support to the radiographic data. In conclusion, EA-loaded CHIT coated with ES100 formula exhibited boosted cytotoxicity and proapoptotic activity against HCT 116 colon cancer cells as well as enhanced colon targeting potency.
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![SEM images of microparticles (MPs) of chitosan loaded with ellagic acid (EA-CHIT) (**A**) and, additionally, coated with eudragit S100 (EA-CHIT-ES) at various magnifications: 180 X (**B**) 800 X (**C**) and 3000 X (**D**) showing EA-CHIT MPs entrapped within the ES100 coat.](pharmaceutics-12-00652-g001){#pharmaceutics-12-00652-f001}

![Release profile of EA MPs at different pH values (1.2, 4.5, and 7.4).](pharmaceutics-12-00652-g002){#pharmaceutics-12-00652-f002}

![IC~50~ of plain MPs, raw EA, and the EA MPs in (**A**) the HCT 116 cells and (**B**) EA.hy926 cells.](pharmaceutics-12-00652-g003){#pharmaceutics-12-00652-f003}

![Impact of the EA MPs on the cell-cycle phases. (**A**) Control, (**B**) plain MPs, (**C**) raw EA, (**D**) EA MPs, (**E**) graphical presentation of each phase, and (**F**) graphical presentation of pre-G1 phase. \* Significantly different from corresponding control at *p* \< 0.05; \# significantly different from plain MP at *p* \< 0.05; ^\$^ significantly different from EA at *p* \< 0.05.](pharmaceutics-12-00652-g004){#pharmaceutics-12-00652-f004}

![Impact of the EA MPs on the annexin-V fluorescein isothiocyanate (FITC) positive-staining HTC 116 cells. (**A**) Control, (**B**) plain MPs, (**C**) raw EA, (**D**) EA MPs, and (**E**) graphical presentation of early and late apoptotic, necrotic, and total cell death. \* Significantly different from corresponding control at *p* \< 0.05. \# significantly different from plain MP at *p* \< 0.05; ^\$^ significantly different from EA at *p* \< 0.05.](pharmaceutics-12-00652-g005){#pharmaceutics-12-00652-f005}

![Effect of EA formulated in CHIT-ES100 double-coat on caspase 3 content in HCT 116 colon cancer cells. \* Significantly different from control at *p* \< 0.05; ^\#^ significantly different from plain MPs at *p* \< 0.05; ^\$^ significantly different EA at *p* \< 0.05.](pharmaceutics-12-00652-g006){#pharmaceutics-12-00652-f006}

![X-ray photographs of (**A**) EA-CHIT-ES100 MPs and (**B**) after 0.5 and 6 h.](pharmaceutics-12-00652-g007){#pharmaceutics-12-00652-f007}
